Abstract. The anisotropy of the Earth's surface reflection has implications for satellite-based retrieval algorithms that utilize climatological surface reflectivity databases that do not depend upon the observation geometry. This is the case for most of the current ultraviolet and visible (UV/Vis) cloud, aerosol, and trace-gas algorithms. The illumination-observation dependence of surface reflection is described by the bidirectional reflectance distribution function (BRDF). To account for the 5 BRDF effect, we use the concept of geometry-dependent surface Lambertian-equivalent reflectivity (GLER), which is derived from the top-of-atmosphere (TOA) radiance computed with Rayleigh scattering and surface BRDF for the exact geometry of a satellite-based pixel. We present details on the implementation of land and water surface BRDF models. : , ::: and : We evaluate our GLER product over land surfaces using observed and computed sun-normalized radiances at 466 nm. The reflectivity (i.e., with minimum clouds and aerosols) closely follow those computed using MODIS-derived GLER over land. GLER also captures the cross-track dependence of OMI radiances, although the observations are ::::::::::: OMI-derived ::::: LER, :::::: though ::: the ::::: latter :: is : slightly higher than those computed using GLER ::: the :::::
Introduction
It is well-known that reflection of the incident sunlight by the Earth's surface is generally anisotropic 10 in the optical wavelength range (Rencz and Ryerson, 1999) . Rough surfaces (vegetated landscapes, urban and built-up, bare soils, etc) usually exhibit marked backward scattering, whereas smooth surfaces (e.g., water, snow/ice) tend to have a strong forward scattering peak (specular reflection).
Two well-known phenomena related to surface reflection anisotropy are the hot-spot effect over land and the sunglint over ocean. The hot-spot effect occurs when the viewing direction coincides with 15 the illumination direction, such that all shadows are invisible. This results in a reflectance peak in backward scattering directions (e.g., Qin et al., 1996) . Sunglint, however, is a peak in forward scattering caused by Fresnel reflection over a smooth surface such as calm water, when sunlight reflects off the surface at the same angle that the surface is viewed (e.g., Kay et al., 2009 ).
The dependence of surface reflection on illumination and observation directions is mathematically 20 described by the bidirectional reflectance distribution function (BRDF), an intrinsic property of the surface (Nicodemus, 1965; Martonchik et al., 2000; Schaepman-Strub et al., 2006) . Since BRDF is defined in terms of differential solid angles, in theory it cannot be measured (Nicodemus, 1977) . Therefore, another quantity which can be retrieved from remote sensing data, the bidirectional reflectance factor (BRF), has been widely used ever since. BRF is defined as the ratio of the reflected 25 radiance from the surface to that from a perfect Lambertian surface under the same geometry (illumination and observation) and ambient conditions. Since an ideal diffuse surface reflects the same radiance in all viewing directions, the BRDF for a Lambertian surface is 1/π. Because of this, the BRF for any surface is equal to its BRDF times π. However, unlike the BRDF, BRF is a unitless quantity.
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The effect of surface anisotropy on satellite-observed radiances propagates through the atmosphere and may :: in ::: the ::::: visible :: is :::::: notable :::: and :::::: neglect :: of :: it ::
in ::::::: retrievals ::: can : produce complex errors. The influence of surface anisotropy on the top of the atmosphere (TOA) radiance increases with wavelength for a Rayleigh atmosphere (no aerosols or clouds) because atmospheric transmittance increases with wavelength in the ultraviolet and visible (UV/Vis) spectral regions. Under natural conditions for Earth observing, the incident irradiance comprises ::: The :::::::: radiation ::::::: incident :: on ::: the ::::::: surface :::::: consists ::: of a direct component (non-scattered radiation) and a diffuse component scattered by the atmosphere (gases, aerosols, and clouds)and by the surroundings of the observed surface (e. g., topography).
:
. : The magnitude and spectral distribution of the diffuse irradiance depends on atmospheric conditions. Over a clear sky, the diffuse component originates from Rayleigh scattered sunlight that 5 follows a λ −4 dependence, where λ is wavelength. As a result, the surface anisotropy : 's : impact on TOA radiance is very strong for ::::: strong :: at : visible or longer wavelengths simply because the atmosphere is much more transparent at these wavelengths. for ::::::::: definitions :: of ::: I 0 , :: T :::: and ::: S b .
:::::
theory ::::::::::::::::::: (Li and Strahler, 1992) . :
:::
The ::::::::::: mathematical ::::::::: expression ::: for ::: the ::::::::::: kernel-driven :::::: RTLS :: to ::::::: estimate :::::: surface :::: BRF :: is :: as ::::::: follows: :
BRF :::: (λ, θ, θ 0 , φ)
:::::::::
= f iso (λ) + f vol (λ)k vol (θ, θ 0 , φ) + f geo (λ)k geo (θ, θ 0 , φ), ::::::::::::::::::::::::::::::::::::::::::::::
(1) :::::::::::::::::::::: (Schaaf et al., 2002 (Schaaf et al., , 2011 (Morel and Gentili, 1996) Since :::: the focus of this paper is on evaluating the derived GLER over land surfaces (pixel land 5 fraction ≥ 0.99). However, for completeness, details on ocean models are given in Appendix ??. (Justice et al., 1998 (Sun et al., 2014; Lyapustin et al., 2014) . :
To compute GLERs ::::: GLER, we use Collection 5 MODIS BRDF/Albedo Product MCD43 for land surfaces (Sun et al., 2017; Schaaf et al., 2002 Schaaf et al., , 2011 . This product uses the atmospheric corrected budget :: of : about 0.005 in reflectance unit as shown in Table 2 of Vermote and Kotchenova (2008) .The relative error due to the Lambertian assumption on surface reflectance does not exceed 0.8% in the inter-model comparison (Kotchenova and Vermote, 2007) , but could be much higher (e.g., 3-12% in the green band) when comparing to multiangular field measurements (Schaaf et al., 2011) . The ::::: kernel :::::::::: coefficients :::::::: retrievals :::::::::::::::::::::::::::::::::: (Salomon et al., 2006; Schaaf et al., 2011) . (Salomon et al., 2006; Knobelspiesse et al., 2008; Liu et al., 2009; Roman et al., 2009; Wang et al., 2010) .
Two particular comparisons with airborne multiangle observations, the Cloud Absorption Radiometer (CAR) measurements (Roman et al., 2013) and the Airborne Hyperspectral Scanner (AHS) data , have demonstrated a very good agreement with the airborne images, ::: and Reciprocal (RTLS).RTLS consists of a linear combination of the weighted sum of an isotropic parameter and two kernels of viewing and illumination geometry (Roujean et al., 1992) .The Ross-Thick kernel is derived from radiative transfer models (Ross, 1981) for volume scattering within a dense vegetation canopy, and the Li-Sparse Reciprocal kernel is based on surface scattering and geometric shadow-casting with mutual shadowing theory (Li and Strahler, 1992 The mathematical expression for the kernel-driven RTLS to estimate surface BRF is as follows:
where θ is the viewing zenith angle (VZA), θ 0 the solar zenith angle (SZA) , and φ the relative azimuth angle (RAA BRDF data (Wang et al., 2018) may enable the use of the MCD43 data for seasonal and variable short-term snow cover in GLER product, the first version of the GLER product uses the gap filled (GF) Collection 5 product (MCD43GF) which is intended to provide BRDF parameters using the RTLS model for land surfaces free of seasonal snow and those covered by permanent snow or ice.
Other snow and ice BRDF models also exist, and, in : . :: In fact, the calibration of the OMI instrument,
described in section 2.2 :::::: Section ::: 2.4, is based partly on an alternate model to describe reflectance from Antarctic ice (Jaross and Warner, 2008) . Because validation of snow and ice reflectances is challenging and involves different issues than those of snow-free land, we plan to carefully evaluate the GLER product over snow and ice separately in a follow-on study using various sources of BRDF information. Until that time, the GLER product over snow and ice should be considered less 35 mature than the BRDF over snow and ice free land, whether the snow and ice are permanent (using MCD43GF), or seasonal (using OMI-derived LER) as described in section 4. band 3, the shortest wavelength in the MCD43GF product, with a center wavelength of 470 nm (ranging from 459 to 479 nm) to represent 466 nm, which is the wavelength used in our cloud algorithm to retrieve effective cloud fraction (ECF) (Yang et al., 2015) . Observations at this wavelength are relatively free of atmospheric rotational-Raman scattering (RRS) and trace gas absorption. terize the magnitude and the angular variability of the Earth's surface reflectance under :: in a Rayleigh atmosphere, so in the context of GLER product validation, absolute radiometric response and consistency across the measurement swath are the two most critical aspects of instrument calibration to consider. For this study we ignore spectral dependence in the calibration, because our focus is strictly on the 466 nm channel. Spectral calibration will be important for validation of future versions 10 of the GLER product that are planned to report data at several other wavelengths.
The OMI calibration has been detailed in previous work. Dobber et al. (2008) estimated that the uncertainty in viewing angle dependence of OMI collection 3 sun-normalized radiances is less than 2% . Their estimate follows the application of calibration adjustments based on the evaluation of TOA measurements over a target region of Antarctic ice, using a surface model that accounts for 15 non-Lambertian effects in a radiative transfer model of the atmosphere as described by Jaross and Warner (2008) .
In that work, the authors used the same technique to establish the absolute radiometric calibration of Since only clear sky measurements are used for our comparison, we apply the UV aerosol index (AI) from OMAERUV product (Torres et al., 2007) to detect and screen out absorbing aerosol contaminated OMI measurements. This aerosol index is defined as the ratio of radiances measured at 354 and 388 nm compared to the ratio calculated for a pure Rayleigh-scattering atmosphere.
25
It is sensitive to the presence of absorbing aerosols that reduce LER retrieved from OMI data.
To screen out cloud contaminated pixels in the OMI measurements, we use ECF (effective cloud fraction) from the oxygen dimer (O 2 − O 2 ) cloud product :::::::: algorithm described in Vasilkov et al. (2018) . The criteria we chose for data screening are ::: For ::: this :::::::: analysis, |AI| < 1.0 :::::: | < 0.5 : and ECF < 0.02. We found that more stringent criteria than these removed too much data from the analysis,
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and that relaxation above these thresholds began to introduce SZA.
Ancillary data sets

35
In order to produce the pixel-level GLER product, we need first to collocate and average ancillary data that have different spatial resolutions over the OMI FOV for the physical models that we use. Table 1 summarizes the ancillary data used in terrestrial GLER production along with their 11 spatio-temporal resolutions. This includes digital elevation model (DEM) data (ETOPO2v2) from the National Oceanic and Atmospheric Administration (NOAA). The ancillary data with higher spatial resolution than OMI are first colocated :::::::: collocated : with the OMI pixel using the so-called 5 point-in-polygon methodology described by Haines (1994) and applied by Fisher et al. (2014) Overlapping coordinates. We used the Vis channel overlapping coordinates, corresponding to 75% of the energy in the along-track field-of-view, as they are considered more accurate for scientific analysis than the non-overlapping coordinates that are provided mainly for mapping purposes. Additional 20 details ::::: Details : regarding the collocation and averaging of ancillary data sets are given in Appendix A2 :::::::: Appendix ::: A1. and for any scattering geometry with a Lambertian or non-Lambertian underlying surface (Spurr, 2006) . VLIDORT has the ability to simulate attenuation of solar and line-of-sight paths in a spherical atmosphere. In this study, we consider the sphericity correction for both incoming solar and outgoing viewing directions based on a regular :: In ::: this :::::: study, ::::::::: VLIDORT ::::::::::: computations ::: are ::::::: carried ::: out ::::: using ::
the : pseudo-spherical geometry calculation. This is important for large solar and viewing zenith angles. We also consider polarization using the vector mode , because 
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where P s is the pressure at the reflecting surface, I 0 is the path scattering radiance by the atmosphere, calculated as the TOA radiance for a black surface, T is the transmitted radiance, i.e., incident total (direct + diffuse) irradiance multiplying by transmittance from TOA to the reflecting surface along the incoming solar beam as well as that from the surface to TOA along the satellite view direction, and S b is the diffuse flux reflectivity of the atmosphere, i.e., the fraction of upward radiance from 25 the surface scattered back to the surface by the atmosphere (Dave, 1978) . All angles are defined as in Eq. 1. The input surface BRF (i.e., BRF s ) to VLIDORT is simulated either with Eq. 1 over land or with models described in Appendix ?? :::::: Section ::: 2.1 over water. 
where f L is the pixel land fraction, estimated as described in Section 2. 14 It should be noted that aerosols are not included in the computation of the GLER. Scattering by aerosols in the atmosphere reduces the BRDF effects (Noguchi et al., 2014) . Therefore, the use of the GLER may result in overestimation of the BRDF effects in the presence of aerosol and thin clouds.
10
Our use of a retrieved effective cloud fraction ( :::: ECF that implicitly accounts for the effects of nonabsorbing aerosol ) will help to alleviate this problem :::::::::::::::::::::::::::::::::::::::::::::::::::: (Boersma et al., 2011; Lorente et al., 2018; Vasilkov et al., 2018) .
We plan to examine aerosol effects on GLER in a future work.
Results
First, we examine the overall performance of GLER by comparison with the OMI-derived LER. Table ? ? : 2 : and Figure ? ? : 4) covering seasonal, interannual, and cross-track variations. analysis. In the Mongolia region there is a portion of data with GLER greater than OMI derived LER during the winter months; it is possible that this is due to snow contamination in the MODIS BRDF data (Riggs et al., 2016) . However, as one can see from Figure ? ? : 9, even the Kleipool et al. (2008) of cross-trackdependence.
Seasonal variations
Sub-region case study
To further assess the anisotropy in GLER, we performed a small case study on a sub-region in western Australia (see Figure ? ? :: 10) with very homogeneous land type and elevation. Figure ? ? :: 11b
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shows that for this sub-region f iso , which is a measure of the surface albedo, is very consistent for all rows due to the homogeneity of the surface. Figure ? ? :: 11a confirms the homogeneity of this region as the Kleipool et al. (2008) climatological LERs are :::: LER :: is : nearly constant for all cross-track positions. We note that f vol * k vol , which is a measure of the scattering of leaves and background soil/sand particulates in the scene, increases towards the edge of the swath due to increased multiple-
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scattering. The shadowing effect (i.e., f geo * k geo ) has similar cross-track dependence in backward scattering directions, although somewhat smaller. As seen in Figure ? ? :: 11a, there is a similar pattern in the other regions ( Figure ? ? : 9). In this case study, we note that the bias becomes larger towards the edge of the swath, possibly due to the longer path length allowing for a greater impact from isolated clouds or background aerosols. Nevertheless, the overall cross-track pattern is very similar between 20 the OMI-derived LER and the calculated GLER. Despite : these factors that introduce some uncertainty into our evaluation, we conclude that the
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GLER product agrees remarkably well with the OMI measurements in largely clear-sky conditions.
Our results suggest that GLERs ::::: GLER : may be used with confidence in OMI trace gas retrievals, many of which presently utilize climatological OMI LER data. However, it should also be understood that use of GLERs ::::: GLER : calculated from aerosol-corrected MODIS BRDF data removes the effects of non-absorbing aerosols that are known to exist in the climatological LER data derived 35 from UV/Vis sensors; this is supported by the slightly elevated OMI-derived LERs :::: LER : we find compared with GLERs ::::: GLER. The effects of aerosols are partially accounted for indirectly through the current cloud algorithms that do not distinguish between clouds and non-absorbing aerosol. It is therefore important that the same approach to account of surface effects, whether it be the use of climatological LERs or GLERs, be used for both cloud and trace-gas retrievals.
There are other issues to be considered with the MODIS BRDF model and the Collection 5 gapfilled BRDF parameters (MCD43GF) over seasonal snow cover or permanent ice. The fact that 5 
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MCD43GF only provides snow-free land BRDF parameters usually leads to either data gaps or too small GLER values for snow-covered OMI pixels. The current temporary fix to this issue is to use OMI-derived LER but capped by a constant snow albedo of 0.6 as suggested in the KNMI's daily OMI NO 2 (DOMINO) product (Boersma et al., 2011; McLinden et al., 2014 ) based on the Nearreal-time Ice and Snow Extent (NISE) flags (Nolin et al., 2005) in the OMI L1b data set. The second 10 issue is that the current MODIS kernel model lacks a mechanism to deal with strong forward reflection over snow/ice. Finally, since the shortest wavelength in the MODIS BRDF product MCD43GF
is 466 nm, it does not cover the shorter range of OMI blue and UV wavelengths. We plan to explore other BRDF products in the future that have more wavelengths and fewer data gaps. A good candidate is the Multi-Angle Implementation of Atmospheric Correction (MAIAC) data (Lyapustin et 15 al., 2012) . Compared to MCD43GF, MAIAC includes a shorter wavelength (412 nm) and provides pixel snow fraction that can be used for snow and ice covered regions.
We have focused here on evaluation of land GLERs ::::: GLER, because the GLER product is primarily targeted towards improvement of retrievals of trace gas pollutants such as NO 2 that are concentrated over land. We recognize that our evaluation in this paper excludes several important land types,
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such as compact and dense urban areas, land that is close to water, and a combination of the two.
It can be a challenge to collect substantial amounts of data over cities, due to their relatively small size in comparison to the large regions that are the subject of this study. Particulate pollution is also common in urban regions, where non-absorbing sulfate aerosols can interfere with the derivation of LERs, thus making it difficult to validate GLERs with satellite data. These regions require further 25 careful study using data from days when these regions are exceptionally clear. Given the importance of understanding the influence of surface reflectance on AMF calculations in highly polluted regions, we believe this work should be carried out in the future.
The validation results reported in this study apply to OMI and other sensors in similar low-Earth orbits that collect measurements with similar geometries, such as TropOMI ::::::::: TROPOMI, which has 30 higher spatial resolution than OMI (7 km at nadir). In theory, the smaller pixel size of TropOMI :::::::::
TROPOMI : and other future sensors should enhance the ability to validate the GLER approach by enabling more complete cloud and aerosol clearing for regions with widespread but broken clouds that were specifically avoided in the present work.
Since MCD43 product is not recommended for solar zenith angles beyond 70
, it may not be applicable for some geostationary (GEO) satellite observations, for which such high solar angles will certainly occur. Instead, GEO instruments such as the Geostationary Operational Environmental Satellite (GOES) imagers may be needed to provide BRDF coefficients that apply to the different range of observing conditions relevant to the planned GEO UV/Vis spectrometers.
5
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Conclusion
The GLER product has been developed to account for surface BRDF effects on the ultraviolet and visible cloud, trace-gas, and aerosol algorithms. In this paper, we have evaluated the GLER product over land using OMI measurements for a range of land cover types. We described the atmospheric RT and surface BRDF models as well as the sources of data used in those models to produce our 10 GLER product. Over land, the GLER product uses gap-filled Ross-Thick, Li-Sparse kernel BRDF parameters :::::::::: MCD43GF derived from MODIS measurements to capture the directional reflectance properties of the land surface.
We evaluated the GLER product over land by comparing it with OMI-derived LERs :::: LER over several typical geographical regions focusing on three aspects: seasonal variations, interannual changes,
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and cross-track dependence. After data are screened to remove the effects of aerosol and cloud contamination, the MODIS-based GLERs :::::: GLER show very good agreement with OMI-derived LERs ::: LER, with correlation coefficients larger than 0.9 for a majority :: 0.8 ::: for ::::: some : of the selected regions. GLER also captures the seasonal variations and cross-track dependence of the OMI-derived LERs ::: LER. We attribute a small negative-bias of GLER data relative to OMI LERs :::: LER : in most 20 regions to remaining effects of non-absorbing aerosol and/or cloud contamination and to small differences in MODIS and OMI calibration. Our evaluation has demonstrated that the GLER concept can reliably and efficiently account for surface BRDF effects within UV-Vis cloud and trace-gas retrieval algorithms. In addition, GLERs ::::: GLER : can be easily incorporated into the existing algorithms.
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Cox-Munk slope distribution over water surfaces and ancillary input data setsTo characterize scattering anisotropy over water surfaces, we consider light specularly reflected from a rough water surface as well as diffuse light backscattered by water bulk and transmitted through the water surface.
We account for polarization at the ocean surface using a full Fresnel reflection matrix as derived by Mishchenko and Travis (1997) . We also consider contributions from oceanic foam that can be 30 significant for high wind speeds. Diffuse light from the ocean is described by a Case 1 water model that has chlorophyll concentration as a single input parameter (Morel, 1988) . Our Case 1 water model accounts for the anisotropic nature of light backscattered by the ocean (Morel and Gentili, 1996) .
Details regarding the ancillary data sets used for water GLER calculation are provided in Table ? ?.
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Pixel chlorophyll concentration is needed to calculate the water-leaving radiance contribution; wind speed and direction are essential input parameters for sunglint intensity calculation. Here, a 2.5 monthly climatology of chlorophyll-a concentration derived with Aqua MODIS Ocean Color Chlorophyll (OCI) algorithm (https://oceancolor. gsfc.nasa.gov/atbd/chlor − a/) is selected -this dataset has excellent cloud screening and calibration as compared with other sensors including Terra MODIS. We use sea-surface wind speed retrieval from the Advanced Microwave Scanning Radiometer for EOS (AMSR-E)on board Aqua, which is followed closely by the Aura platform (with OMI). AMSR-E 5 27 has high spatial resolution (0.25 • ) grids (Wentz and Meissner, 2004 In order to estimate the pixel-based surface pressure, a critical input parameter to the air mass factor in the NO 2 algorithm as well as to total optical depth of the Rayleigh atmosphere, terrain height derived from high resolution DEM data averaged over OMI pixel FOV is required. In the GLER product, we derived pixel average terrain height from surface topographic data (ETOPO2v2), 2 gridded global relief data with the vertical precision of 1 m from the NOAA National Centers for Envi- 
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Then we average the preprocessed ETOPO2v2 data within the OMI FOV. This approach produces a less noisy result for terrain height than the original OMI L1b terrain height which is the value at the center of the pixel (see Figure 13 ). Given the pixel average terrain height (z), the terrain pressure (P s ) for the OMI pixel is calculated
where P s (GMI) is the surface pressure monthly climatology (1 • latitude by 1.25
• longitude spatial resolution) taken from the Global Modeling Initiative (GMI) chemistry transport model driven by fields from the NASA GMAO Goddard Earth Observing System 5 (GEOS-5) global data as-15 similation system (Rienecker et al., 2011) , z(GMI) is the terrain height at the GMI resolution of
• , k is Boltzmann constant, T is the GMI air temperature at the surface, M is the mean molecular weight of air, and g is the acceleration due to gravity.
Appendix B Look-up tables
From an operational point of view, it is impractical to process OMI and similar satellite data with on- (Dobber et al., 2008; Jaross and Warner, 2008) .
The h the data in an absolute sense up ike most other sensors, the TOA view are less than predicted. ents increase to more or less wing off-nadir both toward and thing not predicted by a simple observed [Warren et al., 1998] trugi. In particular, the measured lly more than GS model predichould most depress signals, at the MISR results that shadowing ay cause some of the errors in s, but most of the errors seem to underpredicts forward and backolar and view zenith angles. We eterization of reflectance anisottion is systematically lower than o = 80°, q v = 50°case [Warren et is could explain the MISR versus ver, the anisotropy parameterizaeasurements in the backward stent with the MISR results.
esults previous section, model errors in be within ±1% for solar zenith is is consistent with our earlier rising from uncertainty in the across the OMI swath for subsequent evaluations of the sensor swath dependence, we limited our analysis to 62° q o 68°. The resulting data sample is composed of approximately 16,000 individual observations at each wavelength within 2°of nadir.
[46] OMI level 1b data, which contain the measured radiances and irradiances, were evaluated using the data collection known as ECS2. The ECS2 collection, as it pertains to TOA reflectances, is derived from the prelaunch sensor calibrations [Dobber et al., 2008] . A comparison of OMI nadir (center 2 swath positions) reflectances from ECS2 with model predictions is shown in Figures 7 and  9 . The result at each wavelength in Figure 9 is the average ratio for the full time period and solar zenith angle range. Since the model predictions are smooth functions of wavelengths, the residual spectral structure comes from the OMI measurements, probably a slight mismatch between radi- 
